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Abstract 
Fatigue crack growth was investigated in thin sheets of electrodeposited nickel–
1.6% cobalt (Ni-Co) and rolled Inconel 718. Digital image correlation (DIC) was used to 
determine the crack opening displacement profiles, and the entire crack displacement 
fields. These parameters were then used to determine the magnitude of the crack tip stress 
intensity factor, and virtual extensometers were used to establish precisely the crack 
opening stress levels. The use of DIC enhanced the processing of experimental data and 
images, and gave detailed view of the crack tip stress intensity evolution with increasing 
crack length, transcending the limitations of previous measurement techniques.  
The Ni-Co alloy exhibits planar slip, has a nanocrystalline grain structure and 
high density of nanotwins as shown with extensive transmission electron microscopy. 
The crack growth rate exponent is less than 1.5 and the growth rates are finite stress 
intensity ranges as high as 100. We relate the fatigue crack growth resistance in the Ni-
Co to slip-twin interactions, and the difficulty of slip to penetrate grain boundaries and 
annealing twins.  
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Chapter 1 Introduction and Literature Review  
1.1 Introduction and Literature Background 
Fatigue is a localized damage process that occurs under cyclic loading and limits 
the durability of components and structures. The research on fatigue crack growth has 
evolved over the years following the application of fracture mechanics concepts to 
fatigue by P.C. Paris and colleagues [1]. Also, researchers have made considerable efforts 
on fatigue mechanisms in an attempt to relate fatigue crack growth behavior to the 
underlying microstructure [2-9]. These developments have been summarized in textbooks 
by Suresh [10], Klesnil and Lukas [11], Polak [12], and recently by Krupp [13]. 
In the early literature prior to the 1960s, fatigue life was treated as consisting of 
crack initiation and crack propagation periods, though an exact definition of transition 
from initiation to propagation was usually not made. In early research, the focus was on 
crack initiation studies using stress-life [14] and strain-life [15, 16] concepts, rather than 
on fatigue crack growth. It was believed that most of the fatigue life of a component was 
spent on the crack initiation stage, and that the period of fatigue crack propagation was 
small. In the 1960s and onwards, the focus of research included fatigue crack propagation 
studies, particularly driven by the aerospace industry. It is now widely accepted that 
fatigue crack initiation occurs early in life, and then the cracks grow through 
microstructural barriers. This growth period can occupy a considerable portion of the 
fatigue life, and is essentially the fatigue crack propagation period. Forsyth [17] divided 
this fatigue crack propagation period into two stages:  stage I – occurring in slip planes of 
maximum shear stress and featuring persistent slip bands; and stage II – in which 
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propagation is approximately 90-degrees to the stress axis. The stage I growth is rather 
complicated because the crack growth is influenced by opening and sliding modes, and 
the contributions of each mode on crack advance is still under investigation by fatigue 
researchers. On the other hand, there has been more emphasis on stage II crack growth 
and its description based on the stress intensity range, ΔK, using the Paris relation [1]. 
Laird [2] proposed that in the stage II crack growth of thin sheets, the local crack advance 
is along alternating slip planes inclined 45-degrees to the stress axis and to the plane of 
the sheet. The crack advances by a progressive blunting and sharpening sequence, and at 
the macroscopic level, the crack growth occurs normal to the stress axis.  In the Laird 
model, the blunting is due to the forward plastic flow (forward slip) while sharpening 
occurs during the reverse slip. Any microstructural barrier that obstructs these series of 
slip events at the crack tip is expected to influence the crack growth rate.  
Paris et al [1] showed that in cyclic loading, the fluctuation of the stress fields 
based on ΔK controls the rate of fatigue crack growth according to a power relationship: 
 
This relationship is often referred to as the Paris law, where  = Kmax – Kmin is the stress 
intensity range, C is the Paris coefficient and m is Paris exponent, usually between 2 and 
6 for most metals [18, 19]. The Paris equation was later modified by Elber [20] upon 
discovery of plasticity-induced fatigue crack closure phenomenon in 1968 leading to the 
form:  
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where  is the effective stress intensity factor range,  .  
Plasticity-induced crack closure is the contact of plastically deformed residual material in 
the wake of a fatigue crack. Upon loading, crack surfaces separate when the opening 
stress level is reached, and only then can the crack advance. Thus, fatigue crack closure 
modifies the stress intensity factor range and has been shown by McClung and Sehitoglu 
[21, 22] to explain a number of observed phenomena such as R-ratio, crack length, and 
plastic flow properties on crack growth behavior.  
The Paris relation is widely accepted for describing the fatigue crack growth 
behavior of materials, and the correction for crack closure provides more accurate 
description of the fatigue crack growth rate. In addition, the fatigue behavior of metals 
and alloys is strongly influenced by variations in microstructure, and this has been a 
subject of many past research efforts [3-9]. McEvily and Boettner [3] studied the 
influence of two microstructural factors on fatigue crack growth: these are the 
crystallographic orientation and the stacking fault energy. They studied the effect of 
orientation using single crystals of aluminum, and studied the effect of stacking fault 
energy using a series of polycrystalline copper alloys.  They established that the fatigue 
crack growth rate is orientation dependent and that the stacking fault energy determines 
the ease of cross-slip of screw dislocations which in turn affects both stage I and stage II 
of fatigue crack growth. 
 There have been discussions on the influence of stacking fault energy on fatigue 
crack growth in the past studies.  The conclusion was always that a reduction in stacking 
fault energy, often by substitutional alloying, generally improves the resistance to fatigue 
crack propagation by increased resistance to cross-slip [3-6]. This finding is based on the 
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importance of cross-slip in the navigation of crack path in stage I and the development of 
substructure and shape of the crack front in stage II fatigue crack growth. Saxena and 
Antolovich [4, 5] conducted a similar study and reached a similar conclusion that a 
decrease in stacking fault energy will improve the resistance to fatigue crack propagation. 
Starke and Williams [6], using the concept of slip reversibility, also supported this 
finding, demonstrating that single-phase alloys with low stacking fault energy will have a 
higher resistance to fatigue crack growth and an increased threshold stress intensity 
factor, . They discussed five major factors to be considered when attempting to 
establish the relationship between microstructure and fatigue crack propagation. The 
factors are strain distribution (or slip character), slip length and plastic zone size, crack 
path and crack extension forces, morphology and properties of constituents in multiphase 
alloys, and the environment. Starke and Williams [6] concluded that microstructure is the 
principal independent variable which can be used to control fatigue crack growth rate 
once loading conditions and environment are established. In fact, Klesnil and Lukas [11] 
established the most critical parameter to describe the saturation structure in the bulk of 
materials as the cross-slip difficulty: the slip character classified into planar or wavy slip 
materials based on ease of cross-slip. The planar slip materials are those in which slip is 
constrained to crystallographic planes and cross-slip is difficult, whereas wavy slip 
materials undergo cross-slip. 
Feltner and Beardmore [7] highlighted several microstructural parameters that 
influence the fatigue resistance of metals and alloys. Among these are grain size and 
boundary effects, and this leads to another important consideration for fatigue crack 
propagation: the grain size effect. Feltner and Beardmore [7] reported after Pelloux [23] 
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that grain size influences only crack initiation in wavy slip-mode materials but both crack 
initiation and propagation in planar slip-mode materials. Thompson [24] also reported 
that decreasing grain size acts to increase fatigue life in planar slip materials and 
suggested that grain-size dependence in fatigue is based largely, if not exclusively on 
stage I cracking. In the past, grain size effects were studied in the microcrystalline (grain 
sizes typically above 1 µm) range [3, 25] or ultra fine crystalline (grain sizes greater than 
100 nm but less than 1 µm) range [23, 26, 27]. Morrison et al. [25] studied grain size 
effect on cyclic plasticity and fatigue damage in polycrystalline nickel (24 µm to 290 µm 
grain sizes) and found that finer grains resulted in much longer fatigue life and 
transgranular crack initiation, as opposed to intergranular crack initiation in the coarser 
grain nickel. Liang and Laird [26] also reported similar observations of grain size effect 
on the fatigue life and crack initiation of polycrystalline copper (40 μm to 1.2 mm grain 
sizes).  
The fatigue behavior of nanocrystalline metal alloys, defined as materials with 
grain sizes typically less than 100 nm, is of significant current research interest [28-30]. 
Recent improvement in material processing has led to preparation of fully-dense 
nanocrystalline samples, eliminating much of the influence of manufacturing flaws on 
experimental results, thereby giving truly representative properties of materials and 
narrowing the gap between experimental data and simulation results [29, 30]. Hanlon et 
al. [28] were probably the first to compare grain size effect ranging from nanocrystalline 
through ultra fine crystalline to microcrystalline nickel. Growth twins were prevalent in 
their electrodeposited nanocrystalline nickel samples. They found that decrease in grain 
sizes in all of these ranges resulted in the increase of fatigue endurance limit, consistent 
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with the microcrystalline studies of Morrison et al [25]. Hanlon et al [28] also observed 
that in stress-controlled fatigue experiments on electrodeposited nickel, grain size 
reduction led to strengthening of the alloy accompanied by increase in fatigue endurance 
limit. Grain sizes in their nanocrystalline experiment were above 10 nm. The “inverse 
Hall-Petch” relationship may be believed to be operative at any grain size below 10 nm 
[31, 32]. In addition to the experimental studies, there has been much interest in 
theoretical treatments and simulations of grain size effects and the effect of 
microstructure on fatigue crack propagation. Farkas, Willemann and Hyde [29] 
conducted atomistic simulations of fatigue crack growth in nanocrystalline pure nickel, 
comparable to the experiments performed by Hanlon et al [28]. Farkas et al [29] assumed 
6 nm grain sizes in their simulation, which is below the 20-40 nm grain size material that 
Hanlon‟s group tested, yet they obtained simulation results that are consistent with 
Hanlon‟s experiments. Their atomistic studies gave a low Paris exponent of 2, similar to 
the experimental results of Hanlon et al [28].  In their simulation, they saw continuous 
increase in the number of dislocations present at the crack tip region as the crack 
advanced, and they attributed discrepancies between their atomistic simulation results 
and prediction by Paris relation to the interaction between the dislocations emitted and 
grain boundaries at very short distances from the dislocation sources, the material being 
nanocrystalline.  
Certainly, one very important factor influencing the growth of the fatigue crack is 
the interaction between the slip mechanism driving the fatigue crack and potential 
microstructural barriers that are ahead of the crack tip. The barriers mostly discussed in 
literature are grain boundaries and twin boundaries. Twin boundaries are grain interfaces 
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with the lowest energy [33, 34]. Thompson [9] found that fatigue crack growth is 
impeded by grain boundaries and twin boundaries of various orientations in both planar 
and wavy slip mode materials. The presence of twin boundaries results in extrinsically 
lower fatigue crack growth rates. There are twelve twin slip systems per grain, and 
consequently a large number of orientations are observed in the microstructure 
potentially acting as barriers. In accordance with Thompson‟s [9] findings, high density 
of twins inclined at various orientations suggest that the twin boundaries can act as 
effective barriers to slip motion hence influencing fatigue crack propagation.  Thompson 
[9] observed that the proportion of cracks near twin boundaries was significantly higher 
than cracks near grain boundaries in materials with wavy slip mode, and the reverse is the 
case with planar slip materials. This observation shows again that twin boundary cracking 
is not favored in planar slip materials.  It can be concluded that barriers to slip processes 
in the microstructure, mainly twin and grain boundaries play an important role in the 
fatigue crack growth rate.  
In an attempt to establish the role of microstructural barriers to fatigue crack 
propagation, we examined some empirical model and fatigue crack propagation relations 
in the literature that account for the effect of microstructure [32, 35-43].  We refer to the 
fundamental relation by Rice [35] and the Paris relation discussed at the beginning of this 
chapter [1]. 
Rice [35], after McClintock [36], proposed a direct proportionality between the crack 
growth rate and the plastic zone size in fatigue. 
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From this equation, it can be seen that crack growth rate is directly proportional to the 
plastic zone size in fatigue. Karashima et al [37] found also that the plastic zone size 
increased as the SFE of several F.C.C. metals increased (as they became more wavy). 
Metals and alloy with planar slip character have reduced plastic zone size  by some 
constraint, and hence they have slower fatigue crack growth rates than expected. The 
other parameters in this equation are  and  , which are the yield strain and fracture 
strain respectively and  stands for the structural size. 
Miller and coworkers [38] and researchers from Japan [39, 40] observed that at 
stresses below the fatigue limit, cracks were either temporarily or permanently arrested at 
the first crystallographic barrier to plastic flow, according to the strength of the barrier. 
Cracks arrested permanently were seen to re-activate and continue to propagate as soon 
as the stress level was raised to a value higher than the fatigue limit, and even then the 
growth rate showed a deceleration as the crack tip approached a microstructural barrier. 
In constant amplitude tests, they modeled this reduction in fatigue crack growth rate in 
two parts: one for short crack regime and the other for long crack regime. Their equations 
are  
    for short cracks, and  
     for long cracks. 
where a is the crack length, di = distance to the next microstructural barrier, is the 
plastic shear strain range, D is a threshold condition dependent on the level of applied 
stress-strain state,  and A, B, n and m are material constants. The Japanese experimental 
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works of Kitagawa [39] and the works of Kikukawa et al [40] produced consistent 
formulation for the fatigue crack growth. 
McClintock [36] based the condition for stage II fatigue crack growth on the 
average strain in a small region ahead of the crack tip. He integrated the strain expression 
over a complete cycle, and further integrated the cycle strain for increments to obtain the 
displacement rate of the crack tip or the crack growth rate as  
 
where  is the fatigue ductility coefficient,  is the yield strain and  is the yield stress. 
As the crack continues to grow, the radius of the plastic zone also grows, increasing the 
growth rate per cycle. The growth rate is inversely proportional to the yield strength; 
hence the rate is slower with higher yield strengths through various strengthening 
mechanisms. 
Following McClintock‟s derivation, Chan [41, 42] obtained a general expression 
for fatigue crack growth as 
 
where 
 
 10 
 
Chan‟s equation has the same form as the Paris power relation    ,   with 
   and C  a function of E, s, and the dimensionless , which contains all of the 
microstructure-dependent parameters ( . An important parameter in this 
equation is , which is the cell size. The smaller the cell size the higher the fatigue crack 
growth resistance. The presence of twin or grain boundaries, although not studied in 
Chan‟s work, has the additional effect of reducing the value of , hence increasing the 
fatigue crack growth resistance. The value of b is between 0.5 and 1. When b = 0.5,    
, which is similar to the McClintock‟s relation. For continuum crack 
growth, b = 1, and crack extension occurs at every cycle   . Again, the 
fatigue crack growth rate has inverse relation with the yield strength of the form   
showing that grain size strengthening translates into increased fatigue crack 
growth resistance.  
In the work of Zurek [43], the presence of crack closure effects,  is defined 
as  , with a being the crack length and σcc the plasticity induced 
crack closure stress. Zurek, James and Morris [8, 43] related σcc to the distance z between 
the crack tip and the next barrier, such as a twin boundary or grain boundary as follows:  
 .  Thus   and the crack growth rate 
becomes 
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in which z is the distance to the next microstructural barrier. In this „three-parameter‟ 
equation, C, n and α can be determined empirically by adjusting each to fit the data set. 
This equation quantifies the effects of grain size, plastic stress amplitude and 
microstructural barrier on the crack growth rate effectively. These are relations that 
account for microstructural barrier effects on fatigue crack propagation.  
 
1.2 Current Research Objectives and Approach 
In the present work, the novel electrodeposited nickel-1.6% cobalt (Ni-Co) alloy 
is considered, and fatigue crack growth properties for this alloy are determined. A second 
material considered is rolled sheet of Inconel 718. The TEM images of the 
electrodeposited Ni-Co alloy (figures 2 and 3) reveal that the alloy is nanocrystalline with 
nanotwins.  
The basic objectives of the current research are summarized as follows:  
1. To understand the crystallographic texture of the electrodeposited Ni-Co alloy, 
via x-ray diffraction and TEM to gain insight into grain size and annealing twins. 
2. To perform fatigue experiments on the Ni-Co alloys and the Inconel 718 and 
analyze the experimental data to characterize the fatigue crack growth behavior of 
these alloys. The use of DIC for the analysis of experimental images is conducted 
by two approaches: full field method and DIC extensometer on the crack flanks. 
DIC is also used to quantify crack tip plasticity and crack closure behavior, 
thereby correcting for the effective stress intensity range, ΔKeff . 
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3. To describe the relevant mechanism(s) controlling the rate of fatigue crack growth 
by understanding the role of the microstructure in the fatigue crack growth. The 
several ideas and relationships that were extracted from literature will be useful 
for this objective. This will provide direction for areas of future work necessary to 
fully understand and quantify the effect of these mechanisms. 
A schematic of the mechanics and materials approach adopted in this study is 
presented in figure 1. This schematic shows four images from left to right: the single-
edge notched tensile specimen that was utilized; the da/dN versus ΔK curves that were 
generated and corrected for crack closure using digital image correlation (DIC) 
techniques [47]; a schematic of the crack tip plastic zone as quantified by DIC; and a 
representation of the interaction of slip with inclined nanotwins and grain boundaries 
ahead of a fatigue crack, a mechanism believed to have considerably influenced the 
fatigue crack growth rate in the Ni-Co alloy. The DIC technique works by tracking 
speckle patterns on images of a deformed specimen with reference to the same speckles 
in images of the same specimen in an undeformed state [48, 49]. The DIC technique is 
explained further in chapter 2, as part of experiment set up, materials and methods.  
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Figure 1. Mechanics and materials approach in this study 
 
In chapter 2, we present details of our experimental methods and techniques. 
These include test procedure, material specification and specimen preparation, 
observations made by TEM including some discussion on the DIC technique. In chapter 3 
we present our results, and discuss them further in chapter 4. The discussions in chapter 4 
include the interpretation of the fatigue crack propagation results. We conclude with 
chapter 5, which includes some suggestions of future work. 
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Figure 2 (a). TEM Image of electrodeposited Ni-Co alloy (as-received). Large and fine grains coexist, 
with high density of nanotwins and grain boundaries. (Courtesy H. Maier). 
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Figure 2 (b). Higher magnification of TEM Image in 2 (a) - electrodeposited Ni-Co alloy (as-
received). (Courtesy H. Maier). 
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Figure 3 (a). TEM images of Ni-Co alloy before fatigue experiment. Notice the presence of fine twins. 
(Courtesy H. Maier). 
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Figure 3 (b). TEM images of Ni-Co alloy after fatigue experiment. Notice dislocations at grain and 
twin boundaries post-fatigue. (Courtesy H. Maier). 
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Figure 3 (c). Nanograins, twins and dislocation pileups in fatigued Ni-Co alloy. (Courtesy H. Maier). 
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Chapter 2  Materials and Experimental Methods 
2.1 Background 
Fatigue experiments were conducted on very thin sheets (about 120 microns 
thick) of two nickel base alloys: electrodeposited sheets of nickel-cobalt (Ni-Co) alloy 
and rolled sheets of Inconel 718. One of the materials tested – the electrodeposited Ni-Co 
alloy – is nanocrystalline with nanotwins. The experimental findings on the Ni-Co alloy, 
as well as literature survey gave further insight into fatigue behavior of nanocrystalline 
metal alloys with the presence of grain boundaries and twin boundaries acting as 
microstructural barriers to the propagation of a fatigue crack. In chapter 1, a critical 
literature survey on the effects of microstructure on fatigue crack propagation was 
presented. We now describe the experimental methods. 
The very thin electrodeposited Ni-Co sheets were produced by NiCoForm Inc. 
The sheet thickness of 120 microns is lower than thin sheets studied in fatigue 
experiments conducted in early studies [28, 50, and 51]. We also conducted experiments 
on rolled sheets of Inconel 718 of 120 micron thickness and obtained results that are 
consistent with published values on the Inconel 718 [44-46, Appendix C]. 
The current chapter describes the materials studied (section 2.2), outlines the 
details of the specimen preparation and the equipment setup (section 2.3), and explains 
the digital image correlation (DIC) technique and its use in the analysis of fatigue crack 
growth data (section 2.4). Though the application of DIC to experimental mechanics 
dates back to the early 1980‟s [52-54] and there has been recent application to estimate 
the stress intensity factor [54] in fracture mechanics, the application of DIC to fatigue 
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data analysis is new. Hence we utilized new techniques to determine crack opening 
displacements, crack closure levels and the effective stress intensity factor. Two methods 
are reported in this thesis for measuring stress intensity and crack opening stress levels: 
the first is the full field correlation technique [47]; and the second is the digital crack 
extensometer technique for measuring crack opening at the crack flanks. Both methods 
are explained in details in the current chapter. We show later in chapter 3 that both 
methods provided consistent crack opening stress levels. 
 
2.2 Materials Investigated 
The first material studied was electrodeposited nickel-cobalt (Ni-Co) alloy sheets 
having thickness 0.12 mm, manufactured by NiCoForm Inc. [55]. The second material 
studied was Inconel 718 sheets rolled to the same thickness of 0.12 mm. The Ni-Co alloy 
was electrodeposited on stainless steel substrate in a sulfamate-based solution, virtually 
stress-free or with very low internal stresses [55, 56]. The choice of sulfamate solution 
over other simple acid solutions such as sulfates or chloride is because sulfamate 
chemistry produces nickel deposits having the lowest stress, highest ductility, and highest 
purity of all the available nickel electrodeposition chemistries. The deposition of Ni-Co 
alloys has evolved from hard brittle deposits produced in Watts-type sulfate and chloride 
electrolytes to ductile deposits produced in sulfamate electrolytes [57].  The composition 
and properties of the electrodeposited Ni-Co alloy depends on processing variables such 
as the applied current density, the bath chemistry, pH and temperature. Increasing the 
current density decreases the cobalt content, and among the other variables, Endicott and 
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Knapp [57] showed that bath chemistry – the nickel-to-cobalt ratio in the electrolyte – 
had the most significant effect in determining the composition of the Ni-Co deposit. 
Table 1 gives the element composition by weight of both materials studied – the 
Ni-Co alloy and the Inconel 718. The Ni-Co alloy batch tested has carbon-sulphur-
oxygen (C-S-O) impurities – 0.024% C, 0.001% S, and 0.02% O – resulting from the 
specific conditions under which it was deposited. 
 
Material 
Element composition (wt. %) 
Ni Co Fe Cr Nb Mo Ti 
Ni-Co alloy 98.38 1.62 - - - - - 
Inconel 718 53.00 - 19.40 18.60 5.00 2.90 1.10 
 
Table 1.  Composition of the nickel base alloys investigated (weight %) 
 
Electrodeposition in sulfamate bath resulted in very fine grains in the Ni-Co alloy 
deposits [58]. Thompson and Saxton [59] reported nanocrystalline grain sizes in 
electrodeposited nickel and nickel-cobalt alloys. In the present study, transmission 
electron microscopy (TEM) images [figures 2, 3 and appendix D] show that the Ni-Co 
alloy is nanocrystalline, single phase fcc alloy.  
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2.2.1 Mechanical Behavior of the Ni-Co Alloy 
The stress-strain curve of the Ni-Co alloy is presented in figure 4 below. From the 
stress-strain behavior, the Ni-Co alloy shows ultra-high strain hardening beyond its yield 
point. The DIC technique is used to identify a band of strain localization. This 
localization forms inclined at approximately 35 degrees to the loading direction and the 
dominant band ends up being the path of final fracture in monotonic loading as shown in 
the image of broken specimen to the right of the stress-strain curve in figure 4.  The DIC 
output file is embedded in the stress-strain curve. While the global failure strain is about 
4% on the stress-strain curve, DIC revealed up to 15% stain in the localized band. Figure 
5 shows a closer view of the gage section of the tensile specimen before and after the 
formation of the strain localization band.  
From the monotonic tensile experiments, the mechanical properties for the Ni-Co 
alloy were established as: yield strength  672 MPa, tensile strength 
850 MPa and Young‟s modulus  136 GPa. The yield strength (0.2% offset) of 
the Ni-Co material reported here from our experiment (672 MPa) is much higher than the 
yield strength of pure nickel, 138 MPa [44]. In the present study, we examined the 
microstructure of the electrodeposited Ni-Co alloy to gain insight into the mechanical 
response. The strengthening is believed to be due to three factors: the solid solution 
hardening of nickel by cobalt addition, the nano-grain size, and the presence of 
electrodeposition twins. It is difficult to determine the individual contribution of each of 
these three factors [32, 59, and 61].  
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Figure 4. Stress vs. strain curve for the electrodeposited Ni-Co sheet - unnotched specimen tested in 
monotonic experiments. Inset: DIC output image revealing a maximum strain of 15% in the localized 
band. Specimen images corresponding to points A, B and C on the curve are given in figure 5 below. 
 
          
Figure 5.   The Ni-Co alloy unnotched specimen which has undergone monotonic fracture (a) Small, 
(b) Medium and (c) Large deformation with slip localization bands formed during the deformation. 
A. Small B. Medium C. Large 
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Similar to the observation of Suoninen and Hakkarainen [62] in electrolytic 
nickel, the Ni-Co material studied here is also strongly twinned. It is known that the 
alloying effect of cobalt in nickel drastically reduces the stacking fault energy of the Ni-
Co alloy [27, 61, and 63], from about 240 mJ/m
2
 in the 100% nickel to about 15 mJ/m
2
 in 
the 100% cobalt end of the binary system. The reduction in stacking fault energy 
promotes planar slip character and at the same time increases the occurrence of twins, 
which are in this case of the order of the nanograin size (referred to as nanotwins). We 
observed a high density of these nanoscale twins in the TEM images of the as-received 
material, fine twins often 50 nm to 100 nm apart, also seen in TEM images of the 
fatigued samples as sites of dislocation pile-up (see TEM images in figures 2 and 3 and in 
the appendices). When the specimen fractured, TEM samples for the fatigued specimen 
were prepared from material very close to the flanks of the fatigue crack to ensure that 
material subjected to high strains were sampled. As discussed in the literature review 
(chapter 1), the observed twin boundaries and grain boundaries act as barriers to 
dislocation motion in slip planes during fatigue crack propagation and thereby influence 
the fatigue crack growth rate. The dislocation structures seen in the comparison of the 
TEM images of as-received materials to those of fatigued specimens are supporting 
evidences that both the Ni-Co alloy and Inconel 718 have planar slip character. 
 
2.2.2 Crystallographic Texture of the Materials 
Both materials in the present study are textured, the electrodeposited Ni-Co being 
more significant than the rolled Inconel 718. This was observed from x-ray pole figures 
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of the as-received materials, which are continuous distribution plots of sample 
crystallographic textures that were measured by the x-ray diffraction. The Ni-Co alloy 
has strong [100] texture in the direction normal to the sheet as observed in the pole 
figure, figure 6 and the inverse pole figure, figure 7. The Inconel 718 has a mild [110] 
texture in the direction normal to the plane of the sheet (thickness direction) also seen in 
the pole figure, figure 8 and inverse pole figure, figure 9.  In the pole figures, the 
direction (1) represents the loading direction and (3) is in the thickness direction. 
Several TEM images are provided in the appendix D of this thesis. Some of these 
images are from the as-received material, while others are from the fatigued specimen as 
described here. These TEM images reveal the nanograins and high density of nanotwins 
[62 and appendix D]. By the Heyn intercept method [64], the average grain size is 
determined as 100 nm even though most of the grains are much smaller than the average 
– the average is only high due to the presence of a few larger grains in the nanocrystalline 
matrix. In comparison, the twin width observed from TEM images is approximately 10 
nm – these nanostructures are potentially responsible for high strain-hardening shown in 
the stress-strain curve of figure 4, and they underscore some of the fatigue responses of 
the alloy via slip and dislocation interactions [65, 66].  
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Figure 6.  Ni-Co Lot 5483 X-ray Pole Figure. (Courtesy of H. Maier, 2008). 
 
 
 
Figure 7.   NiCo Lot 5483 Inverse Pole Figure. (Courtesy of H. Maier, 2008). 
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Figure 8.        Inconel 718 X-ray Pole Figure. (Courtesy of H. Maier, 2008). 
 
 
 
 
Figure 9.   Inconel 718 Inverse Pole Figure. (Courtesy of H. Maier, 2008). 
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Figure 10 a. Left: Drawing of a test specimen (dimensions in mm). 
Upper right: Specimen prepared for fatigue experiment with 0.5 mm deep single edge notch and 
speckle patterns on the surface for digital image correlation. 
Lower right: Fatigue crack propagating from the single edge notch. 
 
Figure 10 b. Photograph of the specimen in figure 10 (a) 
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Fig 10 c.  A closer view of polished and painted specimen showing the speckle patterns 
 
 
Figure 10 d. Varying light intensities along line A in figure 10 c (Ni-Co alloy). For this monochrome 
image, light intensities vary from 0 (black) to 255 (white) and all shades of gray in between. 
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Figure 10 e. Varying light intensities along line B in figure 10 c (Ni-Co alloy). 
 
 
Fig 10 f.  View of speckles or dots over several pixels for the Ni-Co experiment. In this image, 
there are about 2,200 speckles covering 350,000 pixels equivalent to 1 mm
2
 of painted specimen 
surface. 
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2.3 Specimen Preparation and Experiment Setup 
Tensile specimens having a width of 2.997 mm and gage length of about 14 mm 
(as seen in the drawing in figure 10(a)) were cut out of the received stock of thin sheets 
using electron discharge machining (EDM). The unnotched specimens were subjected to 
monotonic tension, while other specimens for fatigue experiments were machined to 
these same dimensions, with a 0.5 mm deep single-edge notch added using a 0.152 mm 
diameter EDM wire. 
All specimen surfaces were polished to smooth reflective (mirror finish, using 
different grit-size Buehler microcut silicon-carbide grit paper all the way down to P2400, 
in order to eliminate surface roughness effect. Thin film of atomized gray paint was 
deposited as speckle patterns on the flat surfaces for image correlation using an Iwata 
custom micron B (CM-B) airbrush, which has very precise atomization capabilities. The 
speckles cover a range of pixels depending on the magnification of the camera and lens 
used to capture the images, and it is worthy of note that each pixel within a particular 
speckle has different light intensity values from its neighboring pixels.  
In order to illustrate typical speckle size over pixels in the Ni-Co experiment, 
figures 10 c shows a typical image while 10 d and 10 e show the plot of light intensities 
(between 0 and 255) along lines A and B marked on the specimen surface. The 8-bits 
monochrome light which we are using for this experiment, has a 256-value palette (2
8
), 
ranging from 0 (corresponding to black) to 255 (corresponding to white), with shades of 
gray in between, being the maximum number of grays in ordinary monochrome systems. 
Figure 10 f is shown as a digital zoom into figure 10 c., with the pixels appearing as 
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neighboring squares, subdividing the speckles. The scale of the images in figure 10 c – f 
is 588.6 pixels/mm or 1.7 microns per pixel. A typical gray speckle or dot seen on this 
image spans a diameter of 14 pixels equivalent to 24 microns, giving a density of about 
2,200 dots per square mm on the surface of the specimen.   
Monotonic tensile experiments and fatigue (tension-tension) experiments were 
conducted on an Instron 8802 digital servo-hydraulic test frame equipped with 10 KN 
load cell. For the Ni-Co alloy, the fatigue stress range was 10 MPa to 200 MPa, giving 
stress amplitude of 190 MPa and an R-ratio of 0.05. The same R-ratio was maintained for 
Inconel 718, but at a stress range of 12.5 MPa to 250 MPa.  Figure 11 shows the set up 
for the experiment. A Sony camera XCD-SX90 with resolution of 1280 by 960 pixels 
(SXGA) was used to capture 8 bits/pixel monochrome images of the gage section, 
showing progressive crack growth. A Navitar 12x zoom lens 1-6232AD was attached to 
the camera using a 2x adapter tube 1-6030, all mounted on a rigid tripod stand. Lighting 
was provided by using gooseneck focus beams coming from a Fostec ACE LR 92240 
light source. Images were taken at the rate of 8 frames per second at 500-cycle intervals 
on the fatigue experiments and analyzed using DIC. This was necessary because for this 
picture size of 1280 by 960 pixels and the gain setting and shutter speed used, the Sony 
camera is limited to 8 frames per second, and our test frequency was 0.5 Hz, giving us 16 
images in the 2 seconds duration of each imaged cycle. Figure 12 shows a schematic of 
the cycles during the fatigue experiments of the Ni-Co alloy and gives the approximate 
load levels at which the images were taken within each cycle at 500 cycle intervals. 
In figure 12 a, it is shown that the reference image of the speckled specimen 
surfaces is taken before the first loading cycle. Deformed images are taken subsequently 
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at optimal cycle intervals to capture the progressions of material displacements, strains 
and the growth of fatigue cracks. In our experiments, 15 deformed images were taken per 
cycle at 500 cycle intervals and these were correlated with the reference image.  Figure 
12 b shows a typical fatigue loading cycle and the corresponding stress levels at which 
each of the 15 images were taken. Apart from the general reference image that is taken at 
the beginning of the experiment, it is possible to identify the image corresponding to the 
minimum load level within each cycle as the cycle reference image, image number 0 in 
our case, and the image corresponding to the peak load, as the peak load image. 
 
 
Figure 11 (a). Set up for this work showing camera and lens with ring light all mounted on a tripod in 
position for the fatigue experiment. In the background are the Instron front panel, controlling 
computer and the Instron 8800 digital control console. 
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Figure 11 (b). Closer view of broken fatigue specimen. 
 
 
Figure 12(a). Load-time schematic for experiment images 
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Loading Unloading 
 
Image Number 
Stress 
(MPa) 
 
Image Number 
Stress 
(MPa) 
0 (cycle reference 
image) 
10  8 (cycle peak 
load image) 
200 
1 16  9 186 
2 37  10 158 
3 70  11 119 
4 109  12 84 
5 150  13 45 
6 178  14 20 
7 198  15 9 
Figure 12 (b). Images taken and corresponding loads during the Ni-Co fatigue experiment cycles. 
 
The settings used on the apparatus gave magnifications that translate to a range of 
1.0 to 3.0 μm/pixel.  This magnification made it easy to track micron level displacements 
on both the Ni-Co alloy and the Inconel 718. DIC subset size of 41 by 41 pixels used in 
our analysis was at most a 120 by 120 micron size on the specimen surface tracked in 30 
micron steps. This DIC setting works well for the Inconel 718 where the grain sizes are 
estimated to be between 0.2 and 2 microns, as well as for the nanocrystalline Ni-Co alloy. 
DIC tracks the displacements in pixels, which are then converted to microns using the 
reference scale.  
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The use of the DIC technique allowed extraction of more detailed information in 
this study than previous techniques could offer, such as crack tip plasticity and fatigue 
crack closure levels.  The next section gives some basic description of the DIC technique. 
 
2.4 The Digital Image Correlation Technique 
Although the digital image correlation (DIC) technique has been used to study 
deformations, its application to fatigue research is new. The successful application of 
DIC to analyze fatigue data is part of the contributions of the present work. The theories 
and applications of DIC are discussed here. Some of the earliest works applying the DIC 
technique to experimental mechanics were published in the early 1980‟s [52-54]. In DIC, 
displacements are calculated directly by correlating a reference and a deformed digital 
image. Unlike preceding optical techniques such as the electronic speckle pattern 
interferometry (ESPI) [67], the DIC technique does not require processing of fringe 
patterns or other secondary phenomena to determine deformations. It can be used in-situ 
to study deformation on a specimen within the load frame.  The DIC technique is finding 
wider application in the field of mechanics, including fracture mechanics, bioengineering 
and nanotechnology [68, 69].  
 
2.4.1  How DIC Works 
The digital image correlation technique works by tracking speckle patterns by pixels on a 
flat specimen in a deformed image with reference to an undeformed image both at the 
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same magnification. A random speckle pattern is placed on the specimen. It is desired to 
have unimodal speckle pattern. Since a speckle pattern that works well at one length scale 
is poor at other length scales, there are many different methods for creating a speckle 
pattern on a specimen – one may spray paint and sputter contrast, or use the natural glitter 
of polycrystalline materials upon magnification. The specimen is then mounted on the 
test machine frame and the light source is set, eliminating dark patches, glitters or 
lighting changes. Scale images and a reference image are taken at the beginning of the 
experiment and subsequent images are taken at predetermined intervals as the experiment 
proceeds. These images are correlated by the speckles in pixels using some digital 
correlation software such as the Vic2D that we used in the present study.  
As shown in the schematic figure 13, the experiment set up usually has a camera 
for taking the images to be correlated, lens for magnification, light source for 
illuminating the specimen, computers for input, controls, displays and analyses. The 
actual set up for the experiments that we performed was shown labeled in figure 11(a), 
corresponding to the schematic presented in figure 13.  
 
Figure 13.  Schematic illustration of the experimental set-up for the use of DIC technique. 
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2.4.2 Principles of Digital Image Correlation 
Generally, it is not possible to find the correspondence of a single pixel in an 
image in the deformed state to the image in the reference state. This is because there is no 
unique correspondence, as the gray value of a single pixel can be found at thousands of 
other pixels in the second image. This correspondence problem becomes more difficult 
with poor speckle patterns, large deformation, change in lighting, or change in specimen 
reflectivity due to excessive strain. The subsets which are comprised of finite number of 
pixels are utilized to locate the same material point between deformed and reference 
states. 
 
 
Fig 14.  Digital Image Correlation reference image – Area of Interest (AOI) is in red and the smaller 
yellow box within the AOI is the subset for correlation, pixels are within a subset as shown. 
 
Subset 
Area of Interest (AOI) 
A subset consists of 
grids of pixels. This 
representation is 
6x6 pixels. Typical 
subsets used for 
correlation in the 
present study have 
41x41 pixels. 
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Patterns used in DIC are random speckles, which adhere to and deform with the 
specimen‟s surface. Good speckle patterns contain much information, so that a relatively 
small aperture called a subset is selected for pattern matching within a pre-determined 
area of interest (AOI) as seen in figure 14. 
To correlate the deformed image to the undeformed reference image, each image 
is divided into small subsets and the correlation algorithm is executed from subset to 
subset in user-specified steps that should be less than one-half of the subset dimensions, 
yet achieve sufficient overlap of subsets for seamless assembly of the entire area of 
interest.  A digital image of a body is simply a discrete intensity record of the light levels 
present at various positions of the body in the smallest unit of digitization, the pixel. In an 
eight-bit system, light intensity at each pixel ranges in value from 0 to 255 (represented 
as ) with the lowest value representing black, highest value white, 
and values in-between representing different shades of gray as illustrated in figure 15 . 
 
255 28
166 0
77
140
242 191 217
 
Figure 15. A simple subset comprising of 3 by 3 pixels, each having different light intensities from 0 
(black) to 255 (white) with a shades of gray in between. Subsets of size 41 by 41 pixels were used in 
correlations of images of the Ni-Co alloy. 
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Figure 16. Subsets before and after deformation [Chu et al, 53] 
 
Figure 16 shows the schematic of a subset before and after deformation. The point 
P(x,y) in the reference image becomes P
'
 ( )  in the deformed image and Q(x,y) 
becomes Q
'
( ). DIC is then executed by comparing group of similar light intensity 
numbers between the two digital images to track points P and Q. The relationship 
between the coordinates in the two configurations is given by the following affine 
mapping: 
 
 
where u and v are the displacements for the subset centers in the x and y directions 
respectively. The terms  and  are the distances from the subset center to point (x, y). 
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P(x, y) and P ( ) are the measured quantities and the unknowns  and  
  are to be determined from the measured data while minimizing the correlation 
coefficient, S.  A typical correlation function which measures how well subsets match is  
 
where  is the gray level value at coordinate (x, y) for one image and  is 
the gray level value at point  of the second image. These are formulated into the 
computer algorithm for digital image correlation. In the past, the correlation was 
conducted using the coarse-fine search technique [52], but in 1989, Bruck et al [70] 
employed the Newton-Raphson method. Because the displacement and gradient terms are 
independent for most practical applications, sub-pixel interpolation is usually required, to 
determine approximate gray level values between pixels. Another method of interest is 
based on the Lucas-Kanade tracker algorithm [71]. Sutton et al [49] listed common 
optimization criteria used in DIC technique. These include sum of squared differences 
(SSD), zero-mean sum of squared difference (ZSSD), normalized sum of squared 
difference (NSSD), zero-mean normalized sum of squared difference (ZNSSD), 
normalized cross-correlation (NCC) and the sum of absolute differences (SAD) criteria. 
 
2.4.3. DIC Software: Vic2D 
For DIC, we used Vic2D program developed by Correlated Solutions, Inc. 
Typically, the Vic2D system is used where displacement and strain distributions need to 
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be measured on flat specimens, making it a perfect match for our fracture and fatigue 
applications. Vic2D uses optimized correlation algorithms to provide full-field 
displacement and strain data for mechanical testing on planar specimens. As the 
technique uses white-light speckle correlation, the actual object in-plane movement is 
measured and the Lagrangian strain tensor is available at every point on the surface. 
Vic2D can measure in-plane displacements and strains from 500 microstrain to 500% 
strain and above, for specimen sizes ranging from less than 1 mm to over 10 m             
[Ref:  http://www.correlatedsolutions.com]. 
The experiment setup is simple and requires only an applied random speckle 
pattern on the specimen. It is desired to have unimodal speckle pattern. No special 
illumination or lasers are required. Figure 17 shows the displacement contours generated 
by DIC while figure 18 shows an example fatigue crack tip strain mapping conducted 
using digital image correlation techniques in the current research work.  
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Figure 17 a. Displacement contours for peak load 87,000
th
 cycle Ni-Co. 
 
Figure 17 b. Displacement contours for peak load 87,000
th
 cycle Ni-Co. 
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Figure 17 c. Displacement contours for peak load 105,500
th
 cycle Ni-Co. 
 
Figure 17 d. Displacement contours for peak load 105,500
th
 cycle Ni-Co. 
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Figure 17 e. Vic2D output of strain contours for peak load 105,500
th
 cycle Ni-Co alloy. 
 
Figure 17 f. Displacement contours for peak load 122,500
th
 cycle Ni-Co. 
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2.4.4 Application of DIC to Fracture and Fatigue Problems 
Several optical methods such as Moiré interferometry, holographic interferometry 
and photoelasticity have long been utilized in experimental fracture mechanics [67]. 
These optical methods, which are non-contact and full-field measurement techniques, are 
very valuable in areas where other methods of analysis are not available or impractical. 
Very recently among these optical methods, the digital image correlation (DIC) is 
becoming popular and widely used due to its ease of implementation. Applications of 
DIC to high temperature measurement, dynamic fracture and submicron deformation 
measurement have been reported [48]. Early attempts did not use full-field optical 
information, but used only a few points along the crack face or around the crack tip. With 
advances in computer power, it is now possible to process the digital images captured and 
extract accurate information on the local and global displacements and strains. 
Most of the Vic2D correlations in our study were performed with subset size of 
41 by 41 pixels squares moved in steps of 10 pixels. At the scale of magnification for the 
experiment, each pixel size is approximately 1.7 µm, making the subset size a 70 µm by 
70 µm square window on the specimen surface.  Particular applications of the DIC 
techniques described in this chapter and the results obtained in the current study are 
presented in the next chapter, chapter 3. 
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Chapter 3 Results 
3.1 Chapter Layout 
In this chapter, we present the results of the fatigue experiments and data analysis 
conducted in the current research emphasizing the use of digital image correlation. The 
DIC technique has increasing number of applications in experimental mechanics, 
including the determination of displacement and strain fields. However, its use in fatigue 
analysis (cyclic loading) has not been undertaken extensively. We evaluate the crack tip 
strains and fatigue crack closure levels on both the electrodeposited Ni-Co alloy and the 
rolled Inconel 718 using DIC.  
The equations and the models used in the analysis of experimental data are 
presented in this chapter and in the appendix of this thesis. These include equations of 
stress intensity factor with notch effects, and crack closure. In the end, we present results 
of DIC displacement and strain contours, crack opening levels and  vs ΔK curves 
corrected for fatigue crack closure. 
 
3.2 Underlying Equations 
3.2.1 Stress Intensity Factor with Notch Effects 
The stress intensity factor, , for opening mode (mode I) is given by the 
equation:    
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where F in the single edge notched tension (SENT) specimens is a function of the 
geometry, and is given by the following equation:  
 
In the presence of the notch, we use a short crack solution given by [77] 
 
where l is the crack length measured from the notch root, W is the specimen width,  is 
the applied stress and is the gross notch stress concentration factor, given as  
 .  In this equation,  is the net section 
notch stress concentration obtained by Neuber [72] and confirmed by the photoelastic 
data of Cole and Brown [73]. C1 through C4 are constants determined by a ratio of notch 
depth h to notch radius r (see appendix A for equations to determine these constants). 
 
3.2.2. Threshold Stress Intensity Range, ΔKth 
The threshold stress intensity factor range, ΔKth is the critical ΔK value below 
which crack growth rates asymptotically approaches zero. It depends on several external 
parameters (such as R-ratio, loading mode, test frequency, temperature and environment) 
and internal parameters (such as grain size, multiphases and micro-structural barriers, and 
texture) [74].  
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The effective threshold stress intensity factor range is obtained after the crack 
closure effect is deducted.   . These effective stress intensity 
factor ranges are provided with the crack growth rate constants in the current chapter for 
both the Ni-Co alloy and the Inconel 718. 
 
3.2.3. Crack Tip Plasticity and Crack Closure 
Crack propagation is a result of plastic deformation at the crack tip. Sehitoglu [76] 
determined crack opening and closure levels analytically and experimentally. Equations 
from Sehitoglu [76] were adopted in the crack closure analysis for our present study.  
The plastic zone sizes observed by DIC in the fatigue cycles of the Ni-Co alloy 
are presented in figure 18, where they are compared with the concept by Elber [20]. DIC 
returned similar trends in plastic zone sizes and shapes, and plasticity in the wake of the 
crack as proposed by Elber [20].  The regions in multiple colors show the plasticity 
around the crack tip. These correlations were made for 100,000th fatigue cycle at 
which , 120,000th
 
cycle at which , and 130,000th cycle when  
 , W being the width of the specimen and a the crack length. The plot shows red 
in regions where strains exceeded the elastic limit and the region is plastic, which is 0.5% 
strain for the Ni-Co alloy in this figure. 
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Figure 18.   Observation of crack tip strains in the Ni-Co sheet compared to Elber’s [20] (plastic 
zones in red). a/W=0.31 for 100,000
th
 cycle, a/W=0.47 for 120,000
th
 cycle, and a/W=0.64 for 130,000
th
 
cycle. 
Elber reported fatigue crack closure in the late 1960‟s [20]. Since then, 
quantification of crack closure effects has been conducted by different physical 
measurement techniques on medium to large size specimens. The use of digital image 
correlation in our experiments made it possible to quantify crack closure for our small-
sized specimen, having width of about 3 mm. Crack closure reduces the effective stress 
intensity factor range at the crack tip, thereby decreasing crack growth rates. The 
modified Paris equation for crack growth, given effective stress intensity factor range, 
after accounting for crack closure, is given by  
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where ΔKeff  = Kmax – Kopen . The results of plasticity induced crack closure measurements 
in the Ni-Co and Inconel 718 materials are presented in this chapter. 
We measured fatigue crack closure with DIC using two methods: method I was 
the determination of full field displacements by DIC, followed by the determination of 
the stress intensity factor K from these displacements after eliminating rigid body 
motions; while method II involved placing digital extensometers on the reference image 
of each cycle and tracking the displacement as the crack opened, to obtain the progressive 
crack opening profile and determine when crack is fully open, or closed behind the crack 
tip. Both methods provided consistent results. Here we explain the methods and show the 
results obtained. 
 
3.2.3.1.  Method I – Full Field Determination of Displacements by DIC 
This method is based on the work by Carroll et al [47] and uses the full field 
correlation of the displacement field to determine the stress intensity factor. The 
corresponding maximum and opening stress intensity factors are then obtained by 
regression analysis with the removal of rigid body motions according to the following 
equation: 
 
where KI  is the mode I stress intensity factor, µ is the shear modulus, ν is the Poisson‟s 
ratio, r is the distance from the crack tip, θ is the angle from the crack line ahead of the 
crack tip, and κ is given by    for plane stress and    for plane strain. 
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The first term on the right hand side of this displacement equation is the component of 
displacement due to the stress intensity factor, K and the second term represents the 
component due to the non-singular T stress. The third and fourth terms are rigid rotation 
and rigid translation terms respectively, which are eliminated in the regression analysis. K 
is determined by comparing the contours of vertical displacements from experiment with 
that from the analysis as exemplified in figures 19 a and c. Figures b, d and e show the 
full cycle K versus load plot of the corresponding contours a and c, while figure 19 f 
shows the strain fields at peak load for 122,500th cycle, corresponding to the full field 
digital image correlation conducted to obtain the displacement contour matches of figure 
19 a. More examples of the displacement contour matches for the Ni-Co alloy and for 
Inconel 718 are displayed in the appendix B of this thesis. 
 
 
Figure 19 a. Contours matching for 87,000th cycle of Ni-Co fatigue experiment – 75% Load. 
 a/W = 0.25, R=0.05, σmax = 200MPa 
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Fig 19 b. Full cycle K vs load plot for 87,000
th
 cycle, Ni-Co 
a/W = 0.252, R=0.05, σmax = 200MPa 
 
 
Figure 19 c. Contours matching for 122,500th cycle of Ni-Co fatigue experiment – 50% Load.     
a/W = 0.56, R=0.05, σmax = 200MPa 
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Fig 19 d. Full cycle K vs load plot for 122,500
th
 cycle, Ni-Co  
a/W = 0.556, R=0.05, σmax = 200MPa 
 
 
Fig 19 e. Full cycle K vs load plot for 130,500
th
 cycle, Ni-Co 
a/W = 0.653, R=0.05, σmax = 200MPa 
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Figure 19 f.  Full field strains for 122,500th cycle of Ni-Co fatigue experiment – Peak Load. 
a/W = 0.56, R=0.05, σmax = 200MPa 
 
3.2.3.2. Method 2 - DIC Extensometers 
In this method, DIC extensometers were placed on the reference image in the 
regions of the crack flanks all the way to and beyond the crack tip to determine the crack 
opening displacement. The profile is obtained, and based on the shape and length scale of 
the profile, a determination is made as to when the crack is open or closed. Figure 20 
shows the virtual extensometers, while figure 21 shows the profiles generated for the 
opening and closing of the fatigue crack. In our results, the crack was found to be fully 
open between the 3rd and 4th images representing 37.5% and 50% load respectively, 
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since there were eight images for the loading and seven images for unloading in each 
cycle. Better refinement of the result will be of benefit to pinpoint the actual load percent 
when the crack was fully opened. It will require many more images to be taken in the 
same cycle during future experiments. 
 
Figure 20 (a). Ni-Co fatigue 131,000
th
 cycle or 2mm crack length (a/W = 0.66) – Peak load image. 
 
 
 
Figure 20 (b). Vic2D digital extensometers placed on crack flanks to measure the crack opening 
displacements. (Notch is on the left of image; arrow points to the crack tip location). 
Crack tip location 
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Figure 21 (a). Minimum load, crack is fully closed. Red dot is location of crack tip. 
 
 
Figure 21 (b). Peak load, crack is fully open. Red dot is location of crack tip. 
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Figure 21 (c). Scale adjusted to show all the profiles obtained in the cycle. Load levels are shown as 
percentage of maximum. 
 
Figure 21 (d).  25% load. Crack still closed near tip 
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Figure 21 (e).   37.5 % load. Crack unzipping at the crack tip. 
 
 
Figure 21 (f). 50% load. Crack fully open. 
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Figure 21 (g). Summary of crack opening and closing in the Ni-Co fatigue cycle.
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As pointed out by Carroll et al [47], the virtual extensometer technique precisely 
pinpoints the crack tip opening level. The full field method better correlates with the 
opening level corresponding to the entire unzipping of the crack. Another method of 
determining crack closure levels and the effective stress intensity factor range, ΔKeff is by 
observing compliance change of a load-crack tip displacement curve for each fatigue 
cycle [20, 47] but this method was not utilized. As discussed earlier, both methods 
utilized in the current work provided consistent results. Figures 22 a and 22 b show plots 
of crack closure levels with increasing crack length obtained by both methods for Ni-Co 
alloy and Inconel 718 respectively. These closure levels are utilized in the next section to 
adjust the  vs ΔK curves for ΔKeff . 
 
Figure 22 a. Plot of crack closure levels with increasing crack length for the Ni-Co alloy (R=0.05). 
The two different methods using DIC provided consistent results. 
 62 
 
 
Figure 22 b. Plot of crack closure levels with increasing crack length for the Inconel 718 alloy 
(R=0.05). Again, the two different methods using DIC provided consistent results. 
 
3.3  vs ΔK and ΔKeff Curves 
The    vs   plots were made using the ASTM increment polynomial 
method detailed in ASTM standard E647-08 [75]. This method for computing   
involves fitting a second-order polynomial to sets of successive data points. The crack 
growth rate at cycle Ni is obtained from the derivative of the polynomial. The K stress 
intensity expressions given earlier were corrected for crack closure to obtain the effective 
stress intensity factors. 
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Figures 23 and 24 show the da/dN vs ΔK curves for the electrodeposited Ni-Co 
alloy and the Inconel 718 respectively. In each case, crack closure corrections have been 
made to the curve, shown with the „+‟ markers, while the curve without crack closure 
corrections are shown with the „.‟ markers.  In each case, the parameters for the Paris 
relation are obtained by curve fitting for both ΔK and ΔKeff. The threshold stress intensity 
factors for both alloys are also reported in table 2 below. Data smoothening was achieved 
by to the polynomial method in ASTM E647-08 [75]. 
 
Figure 23.  Crack Closure Correction: da/dN vs ΔK  (for Ni-Co alloy). The plot to the left is that of 
ΔKeff 
m  =  1.29    and   C  =  4.05 x 10
-7
;         m’  =  1.38     and     C’ =  5.38 x 10-7 
ΔKth = 11.4 MPa√m and ΔKth,eff = 8 MPa√m 
C’ and m’ are values corresponding to ΔKeff . 
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Using both the full-field and the extensometer methods, we observed that significant 
fatigue crack growth resistance is exhibited in the nanocrystalline Ni-Co alloy: an 
effective threshold stress intensity value of 11.4 MPa√m, a Paris slope of 1.38, and   
values of 10
-4
 mm/cycle corresponsing to ΔK of about 100 MPa√m. The Paris exponent 
of 1.38 is rather small and merits further research.  
 
 
 Figure 24.  Crack Closure Correction: da/dN vs ΔK (for Inconel 718). The plot to the left is that of 
ΔKeff 
m  =  2.82    and   C  =  5.06 x 10
-9
;    m’  =  3.07   and   C’ =  4.39 x 10-9 
ΔKth = 13.2 MPa√m and ΔKth,eff = 11 MPa√m 
C’ and m’ are values corresponding to ΔKeff . 
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Material C m C’ m’ 
ΔKth 
(MPa√m) 
ΔKth,eff 
(MPa√m) 
Ni-Co alloy 4.05 x 10
-7
 1.29 5.38 x 10
-7
 1.38 11.4 8 
Inconel 718 5.06 x 10
-9
 2.82 4.39 x 10
-9
 3.07 13.2 11 
 
Table 2.  Fatigue parameters for the alloys in the experiments of this study. 
 
 There are no published reference da/dN vs ΔK curves to compare the plots for the 
novel Ni-Co alloy with. The da/dN vs ΔK curves for Inconel 718 in figure 24, presents 
results for Inconel 718 that has been rolled down to very thin sheets (thickness of 120 
micron), and it appears near consistent with published Inconel 718 fatigue results by 
James [79], but having slower crack growth rate and higher effective threshold stress 
intensity factor than James [79] or the Inconel 718 fatigue data on NASGRO software 
credited to Forman [80]. For ease of comparison, the Westinghouse Co. results by James 
[79] are corrected for crack closure using a factor of 0.2ΔK and plotted on the same axes 
as our results and presented in appendix C of this thesis. Also table 3 here compares the 
crack growth rates at different values of ΔKeff . The disparity in the threshold stress 
intensities may be attributed to the thin sheet structure and possibly the grain deformation 
during the rolling process for production of the thin sheets. The results presented in this 
chapter are further discussed in the next chapter, chapter 4, with reference to the 
underlying mechanisms that may be responsible for the fatigue behavior observed.    
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 ΔKth,eff* 
(MPa√m) 
 (mm/cycle) 
at ΔKth,eff 
 (mm/cycle) at 
ΔKeff = 20 
MPa√m 
 (mm/cycle) at 
ΔKeff = 43 
MPa√m 
 
Present Study 
 
11 3.0 x 10
-6
 4.5 x 10
-5
 2.78 x 10
-4
 
Westinghouse 
results by 
James [79] 
6.8 1.5 x 10
-7
 6.5 x 10
-5
 7.6 x 10
-4
 
 
Table 3. Comparison of Inconel 718 fatigue crack growth with published values. The fatigue data in 
the present study and from James [79] are plotted on the same axes in appendix C. 
* the data from literature are corrected for closure by using factors of 0.2ΔK, consistent with the 
closure observed in the Inconel 718 sheets in the present study.  
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Chapter 4 Discussion of Results 
4.1 Chapter Overview 
The results presented in chapter 3 are further discussed in the current chapter with 
an attempt to pinpoint mechanisms that underlie the fatigue response of both alloys 
studied. Several mechanisms interplay to give the results that we obtained: the influences 
of nano- and micro-structural barriers such as twin and grain boundaries; material slip 
mode as relates to the stacking fault energy; nano-grain size; plasticity-induced crack 
closure; geometry (thin sheet), notch effects, loading conditions. In the current chapter 
we discuss the perceived contributions of each of these factors to the fatigue crack growth 
results presented in chapter 3. 
 
4.2 Discussion on Digital Image Correlation 
To understand the fatigue response of the alloys investigated, the digital image 
technique was used to study the displacement and strain profiles of the specimen during 
crack growth, and the stress intensity factor K was determined from displacements. This 
approach allows K determination by comparing the experiment and theory of the entire 
displacement field. DIC was also used to study and quantify fatigue crack closure effects. 
Previously, many techniques have been forwarded to measure crack opening and closure 
behavior, but use of DIC as performed in the current study, after Carroll et al [46], is 
new. The fatigue crack closure results were obtained with DIC using two different 
methods and consistent results were obtained. The first method is full field displacement 
method. The second method is the use of digital extensometer on the experiment image to 
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measure the displacements and plot the crack opening profile. These methods lead to a 
more reliable and accurate closure measurement and characterization of crack growth 
rates. We note that the results include the T-stress corrections. The two methods showed 
very good agreement.  
The successful application of digital extensometer in the second method to obtain 
crack opening profiles eliminates the complexity of physical extensometers and the 
limitations of number of physical extensometers that can be installed, with only average 
strain values recorded. We showed in figure 21 by the profile around the crack tip that the 
fatigue crack remained closed as loading progressed until certain proportion of the 
loading cycle was reached. This demonstrates crack closure [20] and evaluates the point 
in the cycle when the crack became fully open by identifying the image where the full 
opening had occurred. Further refinement of the crack closure analysis will be achieved if 
more images are taken within a cycle. 
 
4.3 Fatigue Crack Growth Rates and Possible Mechanisms. 
We observed from TEM images that both the Ni-Co alloy and the Inconel 718 
exhibit planar slip mode, and it is known that planar slip results from low stacking fault 
energy, which favored the formation of annealing twins as observed in the 
microstructures of the materials investigated (figure 2, figure 3 and appendices). 
In the Ni-Co alloy, both the grain boundaries and the twin boundaries are 
expected to influence the fatigue crack propagation [9]. In fact, grain boundaries and twin 
boundaries impede fatigue crack growth in planar slip materials. These boundaries are 
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seen to be sites of dislocation pile-ups in post-fatigue TEM images of the present study. 
The undulations in the da/dN vs ΔK curve suggests intermittent delay in crack 
propagation possibly by slip interactions with the barriers in the microstructure, and the 
low slope of 1.38 points to overall enhanced crack growth resistance. Hanlon et al [28] 
also reported a low Paris exponent of 2 in thin sheets of nanocrystalline pure nickel, 
which is close to our observation, but the effect of cobalt alloying in lowering the 
stacking fault energy and increasing the density of microstructural barriers serves to 
increase fatigue resistance as observed. 
A critical examination of the slip-twin interactions will help rationalize the 
observed fatigue resistance. Finite volume fraction of the nanotwins provide obstacles to 
incident slip bands, hence higher energy is required to drive the slip.  Both the slip planes 
and the twinning planes are {111} type planes in F.C.C. materials [34], therefore the 
intersection of the incident slip plane with the obstacle twin boundary can occur readily 
due to large number of available systems. We propose that the slip-twin interaction ahead 
of the fatigue crack is the mechanism by which the twin boundaries impede the 
propagation of the fatigue crack, and this is dependent on the orientation of the twin 
boundaries relative to the axis of the fatigue crack propagation. Misorientation of slip 
planes across a twin boundary is of the order of 70
0
, hence the slip-twin interaction acts 
as a strong barrier to fatigue crack propagation. If the slip is incorporated to the twin 
boundary, its progression faces a higher energy barrier. In some cases, the slip interacting 
with twins creates residual dislocations at the interface, the residual dislocations increase 
the energy barriers associated with slip transmission. The resulting forward shear strain 
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or slip step is expected to be lower in the presence of these barriers. A critical stress 
needs to be exceeded for slip transmission or slip incorporation across the twin interface.  
It is well accepted that fatigue crack growth behavior is dictated by the restricted 
reversibility of slip at the crack tip. Specifically, upon loading, slip systems favorably 
oriented undergo forward shear strains modifying the crack tip geometry. Upon removal 
of load, the slip in the reverse direction does not return the crack tip to the same location 
resulting in a net forward slip offset. With cycles, the strain accumulation due to this 
restricted slip reversibility produces crack advance as outlined by Krausz et al [81]. Any 
physical process that limits the forward shear strain due to the presence of twin 
boundaries or other obstacles will reduce the crack growth rate. The phenomenon can be 
best understood by the relation,      where γf  is the forward shear strain 
and γr is the reversed shear strain. The equation suggests that if γf  is reduced and γr is 
increased, the crack profile will produce lower crack growth rates. Dislocation pileups at 
boundaries will limit γf but will facilitate γr. 
Risbet et al [82, 83] used the concept of slip irreversibility and the slip band 
extrusion to describe slip step formation. They quantified irreversible plastic strain by 
normalizing the extrusion height of emerging slip bands with the grain size of fatigue 
specimens. Starting from a very smooth specimen surface, they established that the 
fraction of plasticity emerging at the free surface is proportional to the irreversible local 
plastic strain, and found very good agreement of this microstructural theory with high 
cycle fatigue experiments. Planar slip mode is not conducive to slip-band formation [18], 
and strain reversibility in slip bands is higher in planar slip (or low stacking fault energy) 
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alloys [83]. Similar arguments can be made for the formation of steps at crack surfaces 
that lead to crack advance. 
In addition to the effect of twin boundaries, we considered grain-size effect as 
another factor responsible for the observed high fatigue resistance in the Ni-Co alloy. 
Depending on the type of grain boundary (atoms in each lattice across a grain boundary 
have coincidental locations), CSL Σ values, some boundaries are difficult to penetrate 
lowering the local γf values. When the slip impinges on a grain boundary, the mobile 
dislocations can either activate new grain boundary dislocation sources, or transmit on 
conjugate slip planes with high resolved shear stress factor. Whatever the mechanism, the 
grain boundaries, if encountered frequently, as in nanocrystalline alloys will influence 
slip transfer. 
In the presence of dislocation pileups at grain boundaries, the slip can initiate at an 
adjacent grain if the stress levels exceed a critical load. The reverse motion is facilitated 
by the presence of back stresses increasing the γr value in these cases, hence producing 
enhanced fatigue crack growth resistance. 
The grain boundaries of particular (Σ) values decide their energy and we note that the 
twin boundaries are a special class of Σ boundaries called Σ3. If the lattice dislocations 
are incorporated into the Σ3 grain boundary plane, no slip transfer to the adjacent grain 
has been observed by Lee et al [84]. If this phenomenon is observed at crack tips as 
expected in the case of planar slip alloys, it would play the role of resulting in lower 
da/dN levels in view of lower γf  magnitudes.  On the other hand, if slip occurs with 
difficulty across a grain boundary with residual dislocation left on Σ3 boundaries, this 
 72 
 
also limits the forward shear strain, hence should have the role of decrease in crack 
growth rates. 
In the following chapter 5, we draw the conclusions and suggest future work that 
can lead to a better understanding of the alloys investigated. These include experiments 
with alloys of different compositions to understand the alloying effect of cobalt in nickel, 
study of the effect of microstructural barriers and refined crack closure analysis with the 
DIC extensometer method. 
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Chapter 5 Conclusion and Future Work 
5.1 Summary of Observations 
We studied crack tip displacements and crack closure levels for two alloys. For 
the nanocrystalline Ni-Co, we discussed the role of plasticity induced crack closure and 
microstructural barriers, especially twin boundaries in influencing fatigue crack growth. 
The fatigue resistance of the Ni-Co alloy is enhanced by these mechanisms already 
reviewed in chapter 1 and specifically discussed in chapter 4. We also described 
experimental determination of stress intensity factor with the use of the DIC technique in 
chapters 2 and 3.  
Summarily, findings worthy of note are the following: 
1. Both the Ni-Co alloy and the Inconel 718 exhibit planar slip, as seen from the 
TEM images of the materials taken near the crack surface before and after fatigue 
experiment. Twin boundaries and grain boundaries in the microstructure act as 
obstacle to the slip motion during fatigue loading. 
2. These barriers to slip processes in the microstructure, mainly the twin and grain 
boundaries, play very important roles in fatigue crack propagation of both the Ni-
Co alloy and the Inconel 718. When the dislocation path is blocked, either 
dislocation pileups or twin boundary incorporation can occur, resulting in limited 
forward slip. In these cases, the crack propagation mechanism by forward slip is 
reduced compared to the barrier-free case. 
3. Electrodeposited Ni-Co is highly textured, and the texture is sharper than rolled 
Inconel 718. Also, the Ni-Co alloy is nanocrystalline, as seen in the TEM images. 
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In addition to other microstructural considerations, the grain size inevitably 
affects the fatigue crack growth behavior, and this is a subject needing further 
investigation. 
4. Plasticity-induced fatigue crack closure also plays a very important role in the 
fatigue crack propagation of the alloys investigated. Determination of fatigue 
crack closure levels was achieved by two methods: DIC full field displacements 
(method I) and DIC extensometers placed on crack flanks (method II). Both 
methods produced consistent results. The Ni-Co material exhibits moderate 
normalized closure levels near 0.45.  The inconel 718 alloy did not exhibit as 
much closure level, only about 0.2.Finer resolution in closure loads is needed for 
method II (the digital extensometer technique), by taking more images per cycle. 
5. Very high stress intensity factor levels were measured experimentally for the Ni-
Co alloy (near 100 MPa√m). The apparent toughness of this material is rather 
high, with excellent fatigue crack growth resistance. 
 
5.2 Future Work 
We observed very high stress intensity factors levels in the Ni-Co alloy, as well as 
slow crack growth rates, which we attribute to plasticity-induced crack closure and the 
beneficial effects of nanograin sizes with high twin density acting as barrier to fatigue 
crack propagation.  
Determination of crack closure levels was achieved by two methods that produced 
consistent results: the full field DIC displacement technique and the digital extensometers 
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technique using DIC. Crack closure is measured in the full fatigue life of the Ni-Co alloy 
and the Inconel 718. Finer resolution in the fatigue loading cycle is needed for the digital 
extensometer technique. Also, higher magnifications using DIC will provide a higher 
resolution of crack tip strain fields. Electron backscattered diffraction (EBSD) of the 
same locations could enlighten how the slip process at crack tips are affected by the grain 
boundary types. This is an ambitious experimental goal left for future studies. 
It would also be worthwhile to study cobalt composition effect in the Ni-Co alloy, 
especially in the 0 to 10% range. It is expected that there will be varied grain sizes, solid 
solution strengthening effects, variation of stacking fault energy and the density of 
microstructural barriers all resulting in different stress-strain and fatigue crack 
propagation results. This will be an interesting area of future work.  
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Appendix A:  Miscellaneous Equations 
For the notch equation in chapter 2, where the ratio of notch depth to notch radius   
, the constants in the stress concentration factor equation are given by: 
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Appendix B: More DIC Contours for the Ni-Co alloy and Inconel 718. 
  
DIC Displacement Contours matching for 105,500th cycle of Ni-Co alloy at maximum load within the 
cycle. R = 0.05, a/W = 0.336, Kexp = 12.2 MPa√m, Kcalc = 19.1 MPa√m, and σmax = 200 MPa. 
 
DIC Displacement Contours matching for 130,500th cycle of Ni-Co alloy at maximum load within the 
cycle. R = 0.05, a/W = 0.653, Kexp = 31.6 MPa√m, Kcalc = 82 MPa√m, and σmax = 200 MPa.  Notice the 
large plane stress plastic zone ahead of the crack tip. 
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DIC Displacement Contours matching for 48,000th cycle of Inconel 718 at maximum load within the 
cycle. R = 0.05, a/W = 0.25, and σmax = 250 MPa. 
 
 
Inconel 718 DIC Displacement Contours matching at 20% of maximum load for the 64,500th cycle.  
R = 0.05, a/W = 0.5, and σmax = 250 MPa.  
 89 
 
Appendix C: Comparison of da/dN vs ΔKeff for Inconel 718 from the present study 
with literature.  
 
 
Comparison of Inconel 718 plots from the present study with plot by James [80] at Westinghouse Co. 
with a crack closure correction factor of 0.2ΔK, the average factor found in the present study. The 
results are consistent, except for higher effective threshold stress intensity value in the present study.   
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Appendix D: TEM Images of As-Received and Fatigued Ni-Co and IN-718 Samples 
 (Material name and condition are prefix for image number) 
 
Ni-Co_(As-Received)_E676.tif:  intermediate magnification overview showing both large and fine 
grains 
 
Ni-Co_(As-Received)_E677.tif:  slightly different area at same magnification. A few twin-like 
features are visible. 
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Ni-Co_(As-Received)_E678.tif: higher magnification detail resolving the twin-like features better 
 
Ni-Co_(As-Received)_E679.tif: still higher magnification showing that there are other twin-like 
features as well, maybe stacking faults 
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Ni-Co_(Fatigued)_E950.tif.: high magnification showing fine twins along with some larger grains; 
most dislocations are out of contrast. 
 
Ni-Co_(Fatigued)_E951.tif: Fine twins again, different area 
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Ni-Co_(Fatigued)_E952.tif: high magnification detail showing fine twins 
 
Ni-Co_(Fatigued)_E954.tif: diffraction pattern with twin reflections 
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Ni-Co_(Fatigued)_E955.tif: slightly lower magnification showing lots of dislocations at the 
boundaries 
 
Ni-Co_(Fatigued)_E958.tif: the features at the lower left to middle region appear to be stacking faults 
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Ni-Co_(Fatigued)_E962.tif: another selected area diffraction (SAD) pattern 
 
Ni-Co_(Fatigued)_E963.tif: different area 
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Ni-Co_(Fatigued)_E964.tif: Intermediate mag. showing dislocation, some twins and fine grains 
 
Ni-Co_(Fatigued)_E965.tif: high dislocation density present. 
 97 
 
 
Ni-Co_(Fatigued)_E985.tif: higher magnification showing dislocations and stacking faults 
 
Ni-Co_(Fatigued)_E988.tif: dislocations at the boundaries and twins 
 98 
 
 
Ni-Co_(Fatigued)_E989.tif: dark-field image making the dislocations stand out more clearly 
 
Ni-Co_(Fatigued)_E992.tif: more dislocations 
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Ni-Co_(Fatigued)_E993.tif: lower magnification; small and large grains along with twins and 
dislocations 
 
Ni-Co_(Fatigued)_E994.tif: lower magnification showing that there are some relatively large grains 
as well. There appears to be some preferential orientation in the center. 
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IN-718_(As-Received)_F001.tif: tilted boundary along with some dislocations stopped there. 
 
IN-718_(As-Received)_F003.tif: relatively large grain with a few dislocations; basically two slip 
systems operating 
 101 
 
 
IN-718_(As-Received)_F004.tif: just the dislocations 
 
IN-718_(As-Received)_F006.tif: the grain interior is empty - most dislocations are at the boundary. 
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IN-718_(As-Received)_F008.tif: Corresponding dark-field making only the dislocations stand out. 
 
IN-718_(As-Received)_F009.tif: Different areas with some particles looking like carbides; note that 
the dislocations seen on the right come in pairs; this fits with the tendency towards planar slip, cf. the 
low number of slip systems operating 
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IN-718_(As-Received)_F011.tif. Dark-field image of the particles  
(based on the shape these should be TiC, but these are tough to analyze and it’s not clear if they are 
much relevant to the material behavior) 
 
IN-718_(As-Received)_F014.tif:dislocations and string of “coffee-beans”.  
The so called coffee-bean contrast results from the stress field of very fine coherent precipitates 
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IN-718_(As-Received)_F016.tif: higher magnification detail 
 
IN-718_(As-Received)_F017.tif: grain boundary and dislocations; the two dominant slip systems are 
quite obvious 
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IN-718_(As-Received)_F019.tif: dark-field image; the “island with the parallel stripes” to the left are 
stacking faults. 
 
IN-718_(As-Received)_F020.tif: an area with some twins. 
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IN-718_(Fatigued)_F047.tif: dislocation at the grain boundary; again two slip systems dominating 
 
 
IN-718_(Fatigued)_F050.tif: quite intensive planar slip 
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IN-718_(Fatigued)_F053.tif: more dislocations being mostly on two systems 
 
IN-718_(Fatigued)_F054.tif lower magnification overview demonstrating that the dislocation density 
is quite high 
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IN-718_(Fatigued)_F056.tif: another area at slightly higher magnification; again there are some 
particles 
 
IN-718_(Fatigued)_F057.tif: higher magnification detail showing a few dislocations interacting with 
the particles 
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IN-718_(Fatigued)_F060.tif. three inclined boundaries 
 
IN-718_(Fatigued)_F061.tif: another inclined boundary creating the typical stripe contrast 
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IN-718_(Fatigued)_F063.tif: lower magnification overview showing that the overall arrangement is 
independent of the particles, thus they may be of minor importance 
 
IN-718_(Fatigued)_F065.tif.: lower magnification showing again that the overall arrangement is 
independent of the particles 
